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Gauge-fixing in a non-perturbative regime can develop surprising features. In contrast to a per- 
turbative scenario, where the ghost sector in most cases consists of a simple exponentiated Faddeev- 
Popov determinant, the Renormalization Group flow induces further operators in the ghost sector 
in the non-perturbative regime. Here, we concentrate on the case of asymptotically safe quantum 
gravity, which becomes non-perturbative in the ultraviolet. We point out that nonzero matter-ghost 
couplings and higher-order ghost self-interactions exist at a non-Gaufiian fixed point for the gravi- 
tational couplings. Thus the ghost sector in this non-perturbative ultraviolet completion does not 
keep the structure of a simple Faddeev-Popov determinant. We discuss implications of the new 
ghost couplings for the Renormalization Group flow in gravity, and also for the Gribov problem. 



I. INTRODUCTION 

The study of asymptotically safe quantum gravity has 
covered the effect of a large variety of terms in the ef- 
fective action, for reviews see [THH| : Starting from an 
Einstein-Hilbert term [TU], see also [TTJ [T2], curvature 
squared |13[ 114] and higher-order scalar curvature trun- 
cations [T51 - fTT] and more complicated tensor structures 
|18| have been studied. A setting with Lorentzian signa- 
ture for the quantum fluctuations has been investigated 
[l9l 120] , and other choices of fundamental variables have 
been explored [2TM23| . A connection to the semiclassical 
regime in the infrared has been established [23], with in- 
dications for a possible infrared fixed point [25rt27 |. The 
study of the Faddeev-Popov ghost sector has been ini- 
tiated in [25], see also [2J5], and continued in [3DJ |3"T] . 
and the bimetric structure arising from the gauge-fixing 
term has also been studied [3"2H3"i] , So far, all the studies 
apart from |28 assume a simple structure of the Faddeev- 
Popov ghost sector: The usual gauge-fixing procedure 
in gauge-theories such as quantum gravity in the path- 
integral framework employs the Faddeev-Popov trick, 
which results in the Faddeev-Popov (FP) determinant 
in the generating functional. Using Grassmann-valued 
fields, this determinant can be exponentiated, thus lead- 
ing to a local action with dynamical ghost fields. For 
standard choices of gauge fixing, such as the harmonic 
gauge, the ghost action is simply quadratic in the ghost 
fields. Beyond the perturbative regime, this structure 
will change: Metric fluctuations induce further terms be- 
yond a simple Faddeev-Popov ghost sector. Here, we will 
focus on the existence of ghost-matter interactions as well 
as higher-order ghost self-interactions. These are usually 
not present in gauge theories in the ultraviolet, since they 
do not arise from the perturbative Faddeev-Popov trick. 
In the case of asymptotic safety, where the theory be- 
comes non-perturbative in the ultraviolet, terms such as 
ghost-matter as well as ghost-gauge-field interactions are 
generated by metric fluctuations. 

This implies a rather unexpected structure of the ghost 
sector in the ultraviolet, i.e., microscopic regime: Due to 
the existence of higher-order ghost operators, it is not 



possible to reverse the Faddeev-Popov trick, and extract 
a gauge-invariant microscopic action. It seems that in 
the case of an asymptotically safe gauge theory, the ghost 
sector is an integral part of the microscopic action that 
is part of the very definition of the microscopic action. 

The existence of these couplings also raises the ques- 
tion how possible relevant couplings in the ghost sector 
should be understood, and whether the status of the Gri- 
bov problem differs fundamentally between asymptoti- 
cally free and asymptotically safe gauge theories. 

We will show that ghost-antighost-2-scalar interaction 
terms as well as fourth-order ghost terms are generated, 
as soon as a kinetic term for the scalar matter and the 
standard Faddeev-Popov ghost term are present. Fur- 
thermore, we will point out that these are only the first 
terms in what is to be expected an infinite number of 
new terms with nonzero couplings at the fixed point. 

In order to show that these new couplings must nec- 
essarily be nonzero, it suffices to evaluate a subset of all 
terms in the (3 functions for these couplings. In general, 
the j3 functions of ghost-matter couplings and ghost self- 
interactions, respectively, contain the following types of 
terms, exemplified in fig. [I] 

• Terms which generate these interactions even if 
they are set to zero at some scale. These contribu- 
tions are ~ ZfG 2 N , since they are generated from 
the kinetic terms only. Herein Z\ denotes the wave 
function renormalization of the matter and ghost 
field, respectively, and n is the number of vertices 
in the respective diagrams. Gn denotes the Newton 
coupling. The diagram to the left in fig. [I] presents 
an example, and yields a contribution ~ G N , since 
each metric propagator comes with a factor of Gn. 
The vertices in the diagram arise from the kinetic 
terms, and are therefore ~ Zj. 

• Further terms are proportional to (powers of) the 
coupling itself. The diagram to the right in fig. [I] 
present an example of this class of diagrams: The 
vertex is proportional to the matter-ghost coupling 
itself. 

The first type of contribution implies that these cou- 



2 




FIG. 1: Here we show a subset of the diagrams that con- 
tribute to the p function for a ghost-matter coupling. Dotted 
lines denote ghosts, spiralling lines metric propagators and 
full lines denote scalars. The diagram to the left gives a con- 
tribution ~ G% from the two metric propagators, and is in- 
dependent of the matter-ghost-coupling. The diagram to the 
right is proportional to the ghost-matter-coupling, since the 
vertex is proportional to this coupling. 



plings cannot have a Gaufiian fixed point, i.e., their fixed- 
point values are necessarily nonzero, as soon as Gn is 
nonzero. Accordingly they induce a shift in the j3 func- 
tion, such that the Gaufiian fixed point becomes shifted 
to an interacting one. The second contribution can in- 
duce further non-Gaufiian fixed points at larger values 
of the coupling, and can also be important to determine 
the critical exponent at the shifted Gaufiian fixed point. 
Here, we will assume that at the shifted Gaufiian fixed 
point, metric fluctuations yield the dominant contribu- 
tion to the j3 function. This implies, that contributions 
that are proportional to the coupling itself will be sub- 
leading. We thus calculate only the first type of contri- 
bution. 

Note that although our calculation is an approximation 
to the full /3 function within our truncation, it suffices to 
clearly show that the couplings under investigation can- 
not have a vanishing fixed-point value. This calculation 
is therefore sufficient to point out that the structure of 
the Faddeev-Popov ghost sector is crucially different from 
the perturbative regime. 



II. CALCULATION OF GHOST-MATTER 
COUPLINGS AND GHOST 
SELF-INTERACTIONS 

In the following we will employ a fully non-perturbative 
formulation of the functional Renormalization Group 
(FRG) [35], for reviews see [3BHD]- The Wetterich equa- 
tion [35j allows to evaluate j3 functions even in the non- 
perturbative regime. We employ a momentum scale k 
and an infrared (IR) mass-like regulator function R k (p), 
which suppresses IR modes (with p 2 < k 2 ) in the gen- 
erating functional. The scale-dependent effective action 
Tfe then contains the effect of quantum fluctuations above 
the scale k only, and gives the standard effective action T 
for k — > 0. Its scale-dependence is given by the following 
functional differential equation: 

d t T k = isTr (r£ 2) + tffe)" 1 d t R k . (1) 



Herein d t — kd k , and T k is matrix- valued in field space 
and denotes the second functional derivative of the ef- 
fective action with respect to the fields. Adding the 
mass-like regulator and taking the inverse yields the full, 
momentum- and field-dependent propagator. The super- 
trace contains a trace over all indices with a negative 
sign for Grassmann valued fields. In the case of a continu- 
ous momentum variable it implies an integration over the 
momentum, otherwise the discrete eigenvalues of the full 
regularized propagator are being summed over with the 
appropriate degeneracy factors included. On the techni- 
cal side, the main advantage of this equation is its one- 
loop form, since it can be written as the supertrace over 
the full propagator, with the regulator insertion d t Rk in 
the loop. Nevertheless it is crucial to stress that it also 
yields higher terms in a perturbative expansion, see, e.g., 
|41) . since it depends on the full, field- and momentum- 
dependent propagator, and not just on the perturbative 
propagator. 

For reasons of practicality, the full RG flow in the 
infinite-dimensional theory space cannot be evaluated, 
even though infinite-dimensional truncations can be 
studied even in gravity |16l 117] . Thus theory space is 
truncated. Here, several possible ways to proceed are 
possible: Firstly, one could choose the truncation to 
be the same on both sides of the flow equation. This 
amounts to examining the RG flow of a number of cou- 
plings, which are driven by quantum fluctuations of pre- 
cisely the operators corresponding to these couplings. 
Another possibility is to specify a truncation for the 
right-hand side of the flow equation, which implies that 
we fix the spectrum of quantum fluctuations that drive 
the RG flow. It is then possible to consider a different (in 
particular larger) set of operators on the left-hand side. 
In this case we study the RG flow of a number of cou- 
plings as driven by a smaller subset. Here, we will focus 
on this option, since it provides the following interesting 
information: Specifying a minimal set of couplings that 
we have identified to be non-vanishing in a certain phys- 
ical setting, this method allows to check which further 
couplings will be induced by the minimal set of opera- 
tors, and whether it is possible to set the couplings in 
a subspace of theory space to zero consistently. Here, 
we will show that starting from a minimal ghost sector 
with a Faddeev-Popov term, further ghost couplings are 
necessarily generated and cannot be set to zero. 

(2) 

To this end we proceed as follows: Splitting T y k ' + 
Rk = Vk+J'k, where all scalar-field dependent and ghost- 
dependent terms enter the fluctuation matrix J- k , such 
that Vk is the propagator which does not depend on the 
external fields, we may now expand the right-hand side 
of the flow equation as follows: 

d t T k = ~STr{[rW +R k ]~ 1 (d t R k )} (2) 
= -STrd t InVk + ^ E STr bP^T' 

n— 1 
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where the derivative dt in the second line by definition 
acts only on the k dependence of the regulator, i.e., 
d t = J d t Rkjj^- Since each factor of Fu contains a 
coupling to external fields, this expansion simply corre- 
sponds to an expansion in the number of vertices. Thus 
we can straightforwardly write down the diagrammatic 
expansion of a /3 function. 

In the following we will employ the background field 
formalism [42] , where the full metric is split according to 

V = -<W + V- ( 3 ) 

Crucially, this split does not mean that we consider only 
small fluctuations around a fixed, e.g., flat background. 
Within the FRG approach we can access physics also 
in the fully non-perturbative regime. The background- 
field formalism is used in gravity, because the back- 
ground metric allows for a meaningful notion of "high- 
momentum" and "low-momentum" modes as implied by 
the spectrum of the background covariant Laplacian. 
Later, we will set the background to be flat for reasons 
of technical simplicity. Note that the j3 functions are 
independent of a specific choice of background field con- 
figuration - apart from topological considerations, see, 
e.g., [13 21]- that allows to uniquely project onto the 
operators under consideration. 

In the following, we perform a York decomposition of 
the fluctuation field into a transverse traceless sym- 
metric tensor, a transverse vector, a scalar and the trace, 
and specialize to Landau deWitt gauge, where only the 
transverse traceless and the trace mode contribute to 
the running of ghost self-couplings and ghost-matter cou- 
plings. 



A. Interactions between ghosts and scalar matter 

Here, we consider the following truncation on the right- 
hand side of the flow equation and will focus on some of 
the terms that are induced on the left-hand side of the 
flow equation. 

Tfe = Tfc EH + Tfe g f + Ffe g h + Tfe matter, (4) 

where 

r fcEH = 2R 2 Z N (k) J d 4 x^g(-R + 2\(k)), (5) 

L fcg f = j #xyfigrFj8,h]F v %h], (6) 

with 

Fpfah] = V2R [D'h^ - i±^S^"„J . (7) 

Herein, R = (327tGn) - ^ is related to the bare Newton 
coupling Gn- The standard Faddeev- Popov ghost term 



is given by 

r fcgh = -V2 J d 4 x^Z c (k)c^DPr K 9 K ,D p 

+ DPg^g pv D K - 1(1 + p)D^g pp D a y,(%) 

with a wave-function renormalization Z c (k). In the fol- 
lowing, we will specialize to the Landau deWitt gauge, 
where p — > a and a — > 0, which is a fixed point of the 
RG flow. 

We will work on a flat background which is fully suf- 
ficient to point out the generation of matter-ghost cou- 
plings. 

We consider minimally coupled scalar matter where 

Tfc matter = / &Xy/g Q^d^ d^, (9) 

with a wave-function renormalization Z^k). 




FIG. 2: These diagrams generate the matter-ghost cou- 
pling between two powers of <f> and a ghost and antighost and 
thereby remove the Gaufiian fixed point in the corresponding 
f3 function. Matter fields are denoted by thick lines, ghosts by 
dashed and gravitons by spiralling lines. A regulator-insertion 
exists on each of the internal propagator lines, and the dt 
derivative is understood to act on these. 

The flow then generates matter-ghost interactions by 
the diagrams in fig. [2j In order to point out that such 
interactions are generated, we project the flow onto the 
following flat-space approximation of the action, which 
we call induced action, since its couplings are nonzero 
due to metric and matter fluctuations, even if set to zero 
at some scale: 

rfcind =/ V llu {pi,p 2 ,P3,)c tl {pi)c V {p2)4>{Vi) (j>{Pl-P2-P3), 

JP1,P2,P3 

(10) 

where we have gone to Fourier space using that c^(x) — 
J e~ w ' x ct l (p) and c^(x) = J p e lp x c^ 1 (p) . In general, the 
induced action does of course depend on covariant deriva- 
tives with respect to the full and the background metric, 
but for our purposes it suffices to evaluate it for the spe- 
cial case of a single-metric approximation g pv = g pv and 
on a flat background <? p „ = <5 M „. It is obvious that when 
couplings in this action are nonvanishing in this approx- 
imation, there is no way for them to be zero in the more 
general case. 
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Clearly the vertex function V liv {p\,p2,p^) comprises a 
variety of different tensor structures at fixed power of mo- 
menta, such as c >J 'd 2 c tlj (f)d 2 (j), or d v c ll d K c ll d' y 4>d K 4> etc. For 
the purpose of this paper, it is not important to disen- 
tangle the flow of these contributions. Our main interest 
here is to investigate, whether ghost-matter interactions 
are induced at all. For this case, it suffices to study the 



flow of V in the approximation explained above. The (3 
function of the sum of couplings, that we project on, can 
only show a Gaufiian fixed point, if each of the separate 
couplings has a Gaufiian fixed point: Here we will project 
onto the simplest nonvanishing component by evaluating 
the induced flow of 



v{k) :-- 



4-48 



5c a (q 3 )Scb(q 1 )6cl ) (q 2 ) s <5c% 4 



9l=<?2=93=<3 



f>=0,c=0,9=0 



(11) 



This projects on operators such as, e.g., d„c fl d' J c fl d K (t)d K (f) 
and further tensor structures at the same order of mo- 
menta and fields. Note that 



/3 V = a,; f3 Vi 



(12) 



where are numerical coefficients that depend on our 
choice of projection, and can also be zero. The couplings 
Vi denote the different tensor structures that exist at 
fourth order in the ghost and in the momentum. Clearly, 
if f3 v . — for all i then j3 v = must hold, too. 

Lower orders in the external momentum vanish, as 
is in accordance with the fact that the ghost-antighost- 
graviton vertex depends on the momentum of the ghost, 
and the scalar-squared graviton vertex depends on the 
momentum of the scalar, see app. [A] Thus no ultralocal 
interaction term is generated, instead the generated op- 
erators are momentum-dependent. This might be under- 
stood as a specific form of (mild) non-locality in the ul- 
traviolet. In a standard setting it is known that, starting 
from a local microscopic action, integrating out quantum 
fluctuations towards the infrared yields nonlocal terms. 
This differs in the case of asymptotic safety: Diagrams 
which generate, e.g., matter-ghost couplings with arbi- 
trarily many derivatives, are nonzero as soon as metric 
fluctuations exist. Thus momentum-dependent ghost- 
couplings as well as matter couplings [45 will be nonzero 
at the fixed-point. Accordingly in the case of asymptotic 
safety the fixed-point action itself seems to be nonlocal 
in this way. Note that this is a mild form of nonlocality, 
where terms such as -jjj are not included as separate op- 
erators in theory space (note that they could still arise 
from a resummation of local operators in the IR limit, 
see, e.g., [IS]). Whether it is actually necessary to ex- 
tend theory space to include such strongly nonlocal op- 
erators is ultimately an experimental question. The type 
of nonlocality appearing here already yields rather com- 
plicated effective equations of motion, and could provide 
for a way to preserve unitarity beyond the perturbative 
regime, since operators with arbitrarily high powers of 
derivatives are expected to appear. Of course, it might 



also be possible that all these operators can actually be 
resummed to give a very simple local expression, see, e.g., 
[16] for evidence of such a scenario. 
We now define the dimensionless couplings 



v(k) = 

9(k) = 
\{k) = 



v{k)k 4 
Z C Z^ 
G N k 2 

Zn 
A(fc) 

k 2 ' 



(13) 



and the anomalous dimensions 



m 



-d t lnZ N , 
-dtlnZj,, 
-d t lnZ c . 



(14) 



Then the /? function for v will have the following form 

/3 V = 4u + i] c v + ri^v + c l3 2 /i(A) + 0(v). (15) 

Herein, c\ is a regularization-scheme dependent constant 
and /i(A) is a scheme-dependent function of the cosmo- 
logical constant. For c\ ^ 0, v — ■■ is not a fixed point, 
instead the Gaufiian fixed point gets shifted to an inter- 
acting one. 

To check whether this is the case, we only need to 
calculate the contribution ~ c\g 2 to the (3 function. As a 
first result, we report this contribution to /3 S for a generic 
regulator: 

d t v(k) 

2 -4- 48 V 3 V ' IJ (2tt 



4, P 2 TT (p)P kBc (p)- 



- -Z 2 Z 2 ^~d, 



{2^YV 2 kh {p)V k ^p)V k - cc {v) 



ci5 2 /i(A) 



Z C Z^ 



(16) 



In this expression V k $ denotes the regularized in- 
verse propagator for the field $ = h TT ,h,(f>,c,c, see 
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Herein the factor arises from our defini- 



app. A 

tion of the coupling which is motivated by the fact that 

(^) 2 (? 2 ) 2 =4.48. 

This expression shows that the ghost-scalar coupling 
will be nonzero as soon as metric fluctuations are taken 
into account: Every metric propagator V k ^ T an d ^kh 
comes with a factor of Gn, and the momentum- integrals 
over the scale-derivative of the propagators are non- 
vanishing, thus the right-hand side of eq. ( 16 1 is nonzero. 



In our case, the factors responsible for this result depend 
on Gjv, but in fact in the case of a higher- derivative fixed 
point action, the corresponding terms would simply be 
proportional to the higher-derivative couplings. This is 
evident from eq. (16), which depends on the regularized 



graviton propagator, and is therefore nonvanishing for 
the Einstein-Hilbert action as well as any type of higher- 
derivative gravitational action. 

The transition to the f3 function for the dimensionless 
coupling v then works as follows: 



d t v(k) = 4v(k) + r] c v(k) + r^u(fc) + k 



As pointed out, eq. (16 1 implies that k 4 



(17) 



due to the square of the metric propagator. Thus 
we observe that d t v(k) = 4v(k) + rj c v(k) + ^w(fc) + 
c i 9(k) 2 fiW, with /i(A) ^ for any finite A and ci ^ 0. 
Accordingly, the fixed-point value of v{k) in this approx- 
imation will depend on the value of g quadratically, see 

In the following, we choose a regulator of the form [17] 



{-r k (p 2 ) + r k (k 2 ))e(k 2 -p 2 ) 



(18) 



to arrive at the numerical results in fig. [3] In the pure 
Einstein-Hilbert truncation with standard Faddeev- 
Popov ghost term [3D] , as well as in different truncations 
taking into account the back-coupling of the scalar 
[13119, g* > and A* > 0. This implies that ^ 0, 
and confirms our expectation that metric fluctuations 
remove the Gaufiian fixed point in the ghost-matter 
coupling. 

Here we point out for the first time that nontriv- 
ial ghost-matter interactions exist in asymptotically safe 
quantum gravity, see fig. [3] Let us note that since ver- 
tices coupling two gravitons to two gauge fields and two 
fermions exist as soon as kinetic terms for those fields are 
included in the truncation, there is no reason to expect 
that ghost-gauge-field or ghost-fermion interactions will 
not be generated. In fact, the fixed-point action will pre- 
sumably contain nonzero couplings for operators of the 
form O g (g fiU )O m (m)O c (c, c), where O g / m / c denotes op- 
erators depending on the metric, matter fields and ghosts, 



respectively. This effect has already been pointed out for 
the case of fermions in [49 . 
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FIG. 3: Here we plot the fixed-point value of v as a function 
of g, for 7]n = —2, rjj, = —0.78, cf. [30], for a regulator of 
the form eq. (18) . The blue thick curve shows the value for 
A = 0, whereas the dashed purple curve shows the result for 
A = —0.5. 



B. Ghost self-interactions 

In the following we will consider the truncation eq. Q 
and set the matter action to zero, to study the gener- 
ation of ghost self-couplings. In the case of the stan- 
dard Faddeev-Popov ghost term, only a ghost-antighost- 
graviton vertex exists, and not a vertex with coupling 
to several gravitons. Thus the only diagrams inducing 
ghost self-interactions are four-vertex diagrams. Here, 
we evaluate the tr (T'^ 1 J 7 ^ contribution, projected on 
terms with two external ghosts and two antighosts, see 
fig. [3] We first observe, that these diagrams do not in- 
duce a momentum-independent interaction, as is consis- 
tent with the fact that the ghost-antighost-graviton ver- 
tex depends on the momentum of the ghost and vanishes 
if it is taken to zero. Note that, unlike in 49j, no cancel- 
lation between ladder and crossed-ladder contributions 
occurs here and in the case of ghost-matter interactions, 
which would only hold in the case of constant external 
fields. 




FIG. 4: These are the only two diagrams that induce four- 
ghost couplings, starting with a simple perturbative FP term 
in the action. Regulator insertions can be found on each of 
the internal lines. 
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Thus we choose the following definition of a coupling 



Xgh 




4-48 \dq a dq a 



IV 



6c»(q A )6c»(q 2 ) 5c K (q 3 ) 6c x ( qi ) 



gi=92=93=9,c=0,c=0 



(19) 



The dimensionless coupling Xgh is thus given by 

Xghfc 4 



Xgh 



Xgh 



(20) 



Accordingly the ft function is given by 



Px eb = 4 Xgh + 2»7cXgh + c 25 2 / 2 (A) + 0( Xg h • 5) + 0( X %)- 

(21) 

Herein C2 is a regularization-scheme dependent constant 
and /2(A) a regularization-scheme dependent function of 
the cosmological constant. In the following we will focus 
on this term in order to point out that for g ^ 0, the ft 
function cannot have a Gaufiian fixed point. 

As in the case of ghost-matter interactions, although 
our projection does not distinguish different tensor struc- 
tures, it is fully sufficient to show that the ghost sector 
has a nontrivial structure beyond a simple perturbative 
Faddeev-Popov term. Note also that non-unique projec- 
tions often have to be resorted to in the case of gravity 
for technical reasons, e.g., when employing a spherical 
background to evaluate the traces on the right-hand side 
of the flow equation. 

We find the following induced ft function for an un- 
specified regulator function: 



1 1 



48-42 
/-1800 5 

1 11840 - 



d A p 



(2tt) 4 {Pkcc{p)) 2 Pkh(p)V kT T(p) 



4 9 
1 



d A p 



(27T) 4 {V kc Mf {V kT T{p)f 



(-35)$ 



d 4 P 



(2tt) 4 (V kc£ (p)) 2 (T kh (p)) 2 



c 2 ff 2 / 2 (A) 



fc 4 



(22) 



Herein, the three different terms arise from the York 
decomposition of the metric field, since the four-vertex 
diagrams exist with internal transverse traceless or trace 
modes. Accordingly the four-ghost coupling will be 
nonzero as soon as metric fluctuations exist, see fig. [5] In- 
serting fixed-point values for g and A, which are nonzero 
in the Einstein-Hilbert and extended truncations, yields 
Xgh* 7^ 0. As discussed in the case of ghost-matter in- 
teractions, the specific form of the graviton propagator 
is not important for this effect to exist, and any form of 
higher-derivative gravitational action will also show the 
existence of ghost self-interactions. 
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FIG. 5: Here we plot the fixed-point value at the shifted 
Gaufiian fixed point for rj c = —0.78 and t]n = — 2 as a function 
of g for a regulator of the form eq. ( 18 1. The blue thick curve 
shows the result for A = 0, whereas the purple dashed curve 
shows the result for A = —0.5. Clearly, the value Xgh = can 
only be reached by setting g — 0. 



Let us note that here we have calculated only the sim- 
plest term in the microscopic ghost action, and in fact, 
higher-order ghost-terms and ghost-curvature couplings 
will be induced by similar diagrams to those in fig. |1J 
when evaluated on a nontrivial gravitational background. 



III. DISCUSSION AND SUMMARY: GHOST 
SECTOR OF ASYMPTOTICALLY SAFE 
QUANTUM GRAVITY 

We have shown that ghost-matter couplings and ghost 
self-couplings are induced by metric fluctuations. Their ft 
functions do not admit a Gaufiian fixed point if the grav- 
itational couplings are nonvanishing. Accordingly, the 
fixed-point action for asymptotically safe quantum grav- 
ity contains nonvanishing matter-ghost operators and 
higher-order ghost operators. In the following, we will 
discuss the implications of the existence of these opera- 
tors. 

The induced matter-ghost couplings have a very in- 
teresting implication for the gauge-fixing: Since these 
are of second order in the ghosts, one can re-express the 
ghost action in terms of a Faddeev-Popov determinant, 
thus reversing the usual Faddeev-Popov trick and inte- 
grating out the ghost fields. Thereby the determinant 
becomes explicitly dependent on the matter fields, thus 
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implying a matter-dependent form of gauge fixing. This 
is reminiscent of the idea to use matter fields, specifi- 
cally interaction-less 'dust', to introduce a preferred time- 
slicing and therefore a gauge fixing in Loop Quantum 
Gravity [SH1[5T] ■ Let us add however that this structure is 
only present within our simple truncation, where higher- 
order ghost-matter couplings are neglected, see sect. |TV} 

Clearly the existence of a four-ghost coupling implies 
that writing the ghost sector as a determinant in the 
path-integral over metric fluctuations is not possible, al- 
though in principle the ghost fields could still be inte- 
grated out, even if they occur at higher order. Thus, 
at the interacting fixed point that constitutes the UV 
completion of the theory, the structure of the theory is 
very different from the standard setting in gauge theories, 
where the Faddeev-Popov trick can be reversed and dif- 
ferent choices of gauge-fixing and ghost sector are possi- 
ble. The fixed point 'chooses' the structure of the gauge- 
fixing and ghost sector, and does not seem to be com- 
patible with their perturbative form. The microscopic 
action cannot be rewritten as a purely gauge-invariant 
form by reversing the Faddeev-Popov trick. The stan- 
dard way of approaching the quantization of a gauge- 
theory, where a gauge-invariant action is gauge-fixed, in- 
troducing a quadratic ghost term into the path integral 
seems to break down in the case of asymptotically safe 
quantum gravity. Instead the fixed point action seems 
to necessarily make use of a larger number of operators 
compatible with background-field invariance. 

Let us clarify the difference to Yang-Mills theory: 
There, it is known, e.g., from Curci-Ferrari gauges 
[52] that the most general perturbatively renormalizable 
BRST invariant action also contains four-ghost opera- 
tors. Still, there is no need to introduce these terms, as, 
for instance, Landau gauge without these terms defines a 
perfectly legitimate choice of gauge. By contrast, asymp- 
totically safe gauge theories, such as gravity appear to 
inevitably require higher-order ghost interactions. Thus, 
a choice of gauge for gravity that implies the existence 
of a ghost-antighost-graviton vertex as a truncation of 
the full effective action, will show an RG flow that is in- 
consistent with setting further ghost operators to zero, 
thus corresponding to a truncation that is not closed. 
In other words, the RG flow will generically lead into a 
region of theory space where higher-order terms in the 
ghost sector are present and cannot be set to zero con- 
sistently. Here, we have shown the validity of this state- 
ment with a particular choice of gauge fixing term on 
the right-hand side of the flow equation, and unspeci- 
fied regulator shape function. Presumably other choices 
of gauge-fixing will also exhibit this behavior: One usu- 
ally constructs a truncation by specifying a gauge-fixing 
and an accompanying Faddeev-Popov ghost term in ad- 
dition to the gauge-invariant part of the action. The 
gauge-fixing functional F^g, h] must depend on the back- 
ground metric and the fluctuations h^ v , in order to pro- 
vide a background-covariant gauge-fixing for the theory. 
Thus the Faddeev-Popov determinant accompanying this 



gauge fixing will depend on the fluctuation field. This de- 
pendence is enough to ensure that when the determinant 
is exponentiated with the help of ghost fields, a ghost- 
antighost-graviton vertex exists. From this vertex, dia- 
grams such as those in fig. [4] can be constructed, and in- 
duce nonvanishing higher- ghost operators. Accordingly 
we conclude, that the existence of higher ghost opera- 
tors at the fixed point seems to be a generic feature 
of asymptotically safe quantum gravity. Thus it seems 
that the fixed-point action cannot be considered as a dif- 
feomorphism invariant part accompanied by a standard 
gauge-fixing and ghost term. Instead the ghost sector 
is considerably more complicated and does not allow to 
simply integrate out the ghost fields to rewrite the ghost 
action in the form of the Faddeev-Popov determinant, 
which relies on the quadratic occurrence of the ghosts. 
In this sense, the fixed-point action is very different from 
a standard classical, i.e., microscopic action, where such 
a procedure is always possible. Thus at an interacting 
fixed point, the ghost sector is necessarily more involved 
than in the setting of an asymptotically free gauge the- 
ory, and at the microscopic level the quantum theory only 
exists in a gauge-fixed version. 

As has been noted in |53j , the transition from the fixed- 
point action T^oo to a microscopic action S is nontriv- 
ial, and it remains to be investigated what the implica- 
tion of the nontrivial structure in the ghost sector for this 
transition is. 

Finally, RG flows based on the geometric or Vilkovisky 
DeWitt effective action, such as first studied explicitly in 
[25] clearly are highly interesting in the non-perturbative 
setting, since a scenario such as the one discussed here 
could be avoided in such a setting. 



A. Fixed-point requirement for ghost couplings 
and relevant couplings in the ghost sector 

This nonstandard ghost sector raises two important 
questions, namely whether the newly generated ghost 
couplings must actually fulfill a fixed-point requirement, 
and what the meaning of relevant couplings in the ghost 
sector is. 

Asymptotic safety is a scenario in which observables 
in an effective theory stay finite, even if the cutoff scale 
of the effective theory is taken to infinity. This holds if 
all (dimensionless) couplings that enter observables in- 
dependently approach a finite fixed-point value in the 
ultraviolet (for other possibilities of UV completions see, 
e.g., [43, 54, 55J). From this requirement, it would seem 
that the existence of ghost couplings, or their fixed-point 
values, is actually uninteresting, since clearly couplings 
of ghost operators cannot be measured in experiments. 
One might conclude that accordingly there need not be 
a fixed-point requirement for these couplings. 

In the case of matter-ghost couplings this is actually 
different, since matter couplings enter observable quan- 
tities. Therefore all matter couplings should approach 
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finite fixed-point values. The matter-ghost coupling that 
we have studied here directly enters matter (3 functions 
due to the quadratic occurrence of the ghosts. Thus, we 
face a situation where f3 9m ~ v and further ghost cou- 
plings, for matter couplings g m . Accordingly, if we do 
not demand that ghost-matter couplings approach finite 
fixed-point values, matter couplings will also not stay fi- 
nite in the UV. Thus we conclude that, contrary to what 
one might think at first, ghost-matter couplings must 
actually have a fixed point in the UV in order for the 
asymptotic-safety scenario to be viable. A similar con- 
sideration actually applies to ghost-curvature couplings 
which are quadratic in the ghosts. 

Still, a different scenario is possible: In principle, tak- 
ing into account the modified Ward-identities will lead 
to further restrictions on the ghost couplings, by relat- 
ing them to unphysical ("longitudinal" ) metric couplings. 
Thus, a divergence of a ghost coupling could be cancelled 
by the divergence of an unphysical metric coupling, yield- 
ing finite predictions for physical observables. This op- 
tion clearly deserves to be investigated further. Note 
however that if this option was realized, it would point 
to a major difference between gravity and Yang-Mills the- 
ory: The latter shows an IR-divergent ghost propagator, 
e.g., in Landau gauge, which is not accompanied by a 
corresponding behavior of the gluon propagator, [56H58) . 

Let us address the question of relevant couplings in the 
ghost sector: At the shifted Gaufiian fixed point in our 
approximation, the critical exponents are given by 

*- = -fgf = -4-^ (^) 

Accordingly, for r\ c < 0, as observed in the truncation 
investigated in[30] and [31], the two couplings are shifted 
towards relevance, but remain irrelevant for the values of 
r; c in the Einstcin-Hilbert truncation. A positive value 
of 770, as found in [45] . shifts the ghost- matter coupling 
further into irrelevance. Let us note that beyond our 
truncation, also ghost operators of canonical dimension- 
ality and -2 will be generated, which are likely to be 
shifted into relevance, see also [2"B1 129] . 

The interpretation of such relevant couplings in the 
ghost sector is challenging since each relevant coupling 
corresponds to a free parameter, the value of which needs 
to be fixed before the IR value of other couplings is de- 
termined. For the coupling of a metric operator, one can 
hope to find a connection to an observable quantity (at 
least in principle), such that an appropriate experiment 
could fix the value of this coupling at some scale. Such 
a procedure seems evidently impossible for any operator 
containing a ghost. On the other hand, the RG flow does 
not 'know' about the distinction between physical and 
unphysical fields: To uniquely determine a trajectory in 
theory space predicting the values of all irrelevant cou- 
plings and fixing the physics content of the theory in the 
IR, all relevant couplings need to be assigned a value. 



Thus, the IR theory remains undetermined as long as 
relevant couplings in the ghost sector are not fixed. It 
would seem that there are two ways how to make sense 
of this situation: In the first case, different values of the 
relevant ghost couplings indeed correspond to different 
physical theories. This case would contradict our un- 
derstanding of the role of ghosts, and would imply that 
ghost fields do more than cancelling the effect of unphys- 
ical metric components, but indeed are somehow related 
to physical fields themselves, and can be combined into 
operators which are accessible to physical measurements. 
In the second case, different values of the relevant ghost 
couplings correspond to RG trajectories (and IR theo- 
ries), which differ in the values of (some) couplings, but 
which agree in all physical predictions. This is possible if 
the distinction between RG trajectories arising from the 
relevant ghost couplings is not a physical distinction, but 
arises only from our inability to parameterize the system 
in terms of physical (and presumably nonlocal) degrees 
of freedom only. 

Let us clarify the following point: At a first glance, 
Yang-Mills theory in the infrared seems to provide an 
example for a theory where quadratic ghost operators 
contribute to physical observables, such as, for instance, 
deconfinement order parameters [59] . The crucial point 
here is that although ghost operators add important con- 
tributions to the calculation of physical observables, their 
function is the cancellation of unphysical gauge modes. 
Crucially, no free parameter is associated with any ghost 
operator in Yang-Mills theory. This distinction is very 
important: If, e.g., higher-order ghost operators carried 
leading contributions to physical observables, the value 
of their coupling could be calculated from the knowledge 
of the relevant coupling in Yang-Mills theory, which is 
directly accessible to measurements. In the case of a rel- 
evant ghost coupling, this would be different, since then a 
free parameter in the ghost sector, which is inaccessible 
to physical measurements, would exist, and the values 
of ghost couplings as well as gauge couplings could not 
be calculated from the knowledge of relevant gauge cou- 
plings. 

One possibility to interpret relevant ghost couplings 
could actually be given by first integrating out ghost 
fields in the path-integral, which is possible in princi- 
ple even if these occur at higher order. The result- 
ing form of the path-integral over metric configurations 
would not take the form of an exponentiated local action 
any more, but in principle this could provide a way to 
identify the free parameters connected to relevant ghost 
couplings with prcfactors of metric operators. In fact, 
one might speculate whether in this way, relevant ghost 
couplings actually point to a non-trivial measure in the 
path-integral over metric configurations. Possibly, a free 
parameter of the theory could exist in a non-trivial mea- 
sure factor. 

In this connection it should be mentioned that it could 
be possible to reformulate the fixed-point action in terms 
of other fields, in which the distinction between physical 
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and unphysical degrees of freedom is clearer. As an ex- 
ample, consider QCD, where it is advantageous to intro- 
duce auxiliary fields in the infrared, using bosonization 
techniques [60 . The RG flow then generates dynamics 
for these fields and thus turns them into physical fields, 
which can be identified with mesons, see also |6Tj. Simi- 
larly, it might be possible to map the fixed-point action 
in gravity to a different action in terms of other fields, 
where the distinction of physical and unphysical degrees 
of freedom ist more transparent, and only physical fields 
can enter relevant operators. 

Clearly, to suggest a solution to the issue of relevant 
couplings in the ghost sector requires the knowledge of 
true physical observables in (quantum) gravity. 

A final possibility would be the existence of an infrared 
attractive fixed point, see [25H2T] . the domain of attrac- 
tivity of which comprised all values of the relevant ghost 
couplings. Since the effective descriptions provided by Tk 
must lie on a line of constant physics, the independence 
of the full effective action T^o = m from the relevant 
ghost couplings implies that the distinction of different 
trajectories I\. >0 by different values of the relevant ghost 
couplings does not have any imprint on observable phys- 
ical quantities. 



B. Gribov problem and non-perturbative structure 
of the ghost sector 

Let us also discuss the (in) famous Gribov problem: 
This problem can arise if the Faddeev-Popov trick, which 
was devised to deal with a gauge theory in the pertur- 
bative regime, is applied also beyond it: As an example, 
consider Yang-Mills theory in the Landau gauge, see also 
[52] : The Faddeev-Popov operator is given by — <9 M 2?° b , 
where T> denotes the covariant Yang-Mills derivative and 
a, b denote indices in the adjoint representation. Whereas 
this operator remains positive-definite in the perturba- 
tive regime, its lowest eigenvalue changes sign at the 
(first) Gribov- horizon [63] [64], where the value of the 
gauge field becomes larger. This happens since the Lan- 
dau gauge does not uniquely specify a physical field con- 
figuration. Accordingly the derivative of the gauge-fixing 
functional along a gauge orbit, the Faddeev-Popov op- 
erator, cannot stay positive definite. Thus in the non- 
perturbative regime, the Faddeev-Popov trick for covari- 
ant gauges does not correspond to inserting a "1" into 
the functional integral, instead one inserts a "0", mak- 
ing the functional integral ill-defined, |65j . In gravity, the 
Gribov problem has been discussed in [tj5M5] . Let us ob- 
serve an interesting alteration to the standard problem in 
our setting: Already in the approximation where ghost 
self interactions are ignored, the Faddeev-Popov deter- 
minant becomes matter-field dependent as discussed in 
the first truncation investigated here. Thus the location 
of the Gribov horizon in metric configuration space now 
also depends on the matter configuration. Whether it 
is even possible to completely remove the Gribov hori- 



zon(s) remains to be investigated by explicitly studying 
the lowest-lying eigenvalues of the Faddeev-Popov (FP) 
determinant in field configuration space. 

Going beyond this first truncation and taking into ac- 
count higher-order ghost-matter couplings and ghost-self 
interactions, we realize that the ghost sector does not 
take the form of a determinant in the path-integral any 
more, since integrating out the ghost fields relies on their 
quadratic appearance. At locations in metric configura- 
tion space where the simple FP determinant would be 
zero, the additional terms in the ghost action, which 
will in general depend on the background metric (since 
the momenta from our flat-space approximation should 
be replaced by covariant derivatives), need not be zero. 
Whether this actually solves the Gribov problem and ren- 
ders the functional integral well-defined remains to be 
investigated. It would indeed be very exciting, if the 
theory would find a solution to the Gribov problem in 
the non-perturbative regime " by itself , by requiring the 
existence of further ghost couplings at the fixed point. 

Note furthermore that since the RG trajectory that 
matches the measurements of couplings in our universe 
[24] passes very close to the Gaufiian fixed point, the 
induced couplings become very small there, and seem to 
be negligible for practical purposes. Nevertheless, their 
existence could still remove the Gribov problem. 

Studying the ghost action in metric configuration space 
in our truncation could be understood as a first indication 
of whether one should expect the Gribov problem to be 
absent in untruncated theory space: In the case that the 
new ghost operators render the ghost action well-defined, 
one could argue that it is unlikely that the effect of op- 
erators beyond our truncation actually leads to an exact 
cancellation. Thus it would in fact be interesting to study 
the ghost action in more detail, ignoring in a first step 
the complications that arise due to the bimetric character 
related to the background-field gauge-fixing. 



C. Comparison: Ghost sector in gauge theories 
and gravity 

To clarify the structure of the ghost sector and its im- 
plications, let us point out the difference between asymp- 
totically free gauge theories which become strongly- 
interacting in the IR, such as Yang-Mills theory, and a 
non-perturbative UV completion for gravity, see fig. [6] 

In both cases, the non-perturbative regime shows a 
nontrivial ghost sector: In the case of Yang-Mills theo- 
ries, one can start from a very simple form for the mi- 
croscopic action with a standard Faddeev-Popov ghost 
sector in the UV. Gluonic fluctuations will then generate 
effective ghost-interactions in the IR. In fact, in some 
gauges the ghosts even become dynamically enhanced 
[56H58] and carry important physical information on, e.g., 
confinement, see, e.g., [69]. Thus at the first glance the 
situation looks very similar to the case of asymptotically 
safe quantum gravity, since both theories show a non- 
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FIG. 6: We illustrate the RG flow in theory space: In the 
case of asymptotic freedom (left panel), the flow starts at 
some high momentum scale in the vicinity of the Gaufiian 
fixed point, and includes quadratic ghost terms in the form 
of the standard FP-determinant in the UV. The RG flow is 
driven by one relevant direction, which is the gauge coupling. 
Toward the IR, further ghost couplings are generated. For 
asymptotic safety (right panel), nonzero higher-order ghost 
couplings are already present at the fixed point, and some of 
these could correspond to relevant directions. 



trivial ghost sector in the non-perturbative regime. The 
crucial difference clearly lies in the difference between 
asymptotic freedom and asymptotic safety: In Yang- 
Mills theory, only the gauge coupling is marginally rele- 
vant, and none of the ghost couplings is. Furthermore, 
the part of the infrared effective action related to any ob- 
servable can always be evaluated from the knowledge of 
the full ghost propagator. Therefore ghost-self couplings 
are not important in the theory, although they are gener- 
ated in the non-perturbative regime. Thus the distinction 
between physical degrees of freedom and ghosts is very 
clear in this setting: Even though in some gauge ghosts 
might, e.g., carry a crucial contribution to the Yang-Mills 
j3 function, it is equally clear that they cancel the effect 
of unphysical metric modes, and no physics can actually 
depend on a free parameter in the ghost sector. Further- 
more, the choice of gauge is a freedom of the theory, and, 
e.g., in the case of lattice simulations it can be advan- 
tageous to avoid any gauge fixing and simply work with 
the gauge-invariant microscopic action. This is different 
in the case of asymptotic safety, where the microscopic 
starting point for the effective action is highly nontrivial 
in the ghost sector, and it is not possible to write the 
action in terms of a simpler gauge-invariant action by 
reversing the Faddeev-Popov trick. Furthermore, rele- 
vant couplings in the ghost sector suggest that the ghost 
sector might even carry free parameters of the physical 
theory. In summary, the ghost sector seems to play a 
different role in gravity, being crucial for the microscopic 
definition of the theory. 

Note that our investigation, which points out the ex- 
istence of a variety of new ghost couplings, implies that 
the study of the ghost sector with similar methods as in 
[56H58] would indeed be highly interesting, as it might al- 
low to gain insight into the behavior of the infinite tower 
of vertex functions involving ghost couplings. 



D. Ghost sector in an effective-field theory setting 
for gravity 

Interestingly our findings are not restricted to the 
case of asymptotically safe quantum gravity. In a more 
general context, they apply in the effective-field theory 
framework for quantum gravity, see [70| 171) . An impor- 
tant difference arises since in that context one could pos- 
sibly set the microscopic values of the new couplings to 
zero, since there is no fixed-point requirement at the mi- 
croscopic scale (which is finite in the effective-field theory 
setting). Instead the underlying UV completion deter- 
mines the values of the couplings at this scale, and it is 
conceivable that the ghost sector could be trivial in such 
a setting. Then the couplings investigated here would 
still be generated in the flow towards the IR, similar to 
the case of asymptotically free gauge theories, see above. 
In this case the generated dimensionless coupling would 
be small, since g is small in that regime (since the effec- 
tive theory breaks down where g ~ 0(1).) Since at the 
shifted GFP the couplings investigated here remain irrel- 
evant, as suggested by their canonical dimensionality, the 
value of the dimcnsionfull couplings would run to zero 
very quickly. Accordingly the ghost self couplings and 
matter-ghost couplings can be neglected in the effective- 
field theory framework for all practical purposes, since 
their effect on any observable must be very small. Since 
the microscopic theory is defined in a different way, the 
challenges arising from the fixed-point setting considered 
here do not carry over to the effective theory. Still, a 
scenario in which the microscopic theory sets ghost cou- 
plings in the effective theory to nontrivial values might 
also be possible. 



IV. OUTLOOK: BEYOND FOURTH-ORDER 
TRUNCATIONS 

So far, we have evaluated the first terms in a presum- 
ably infinite number of new ghost couplings. In fact, 
the ghost-antighost-graviton vertex allows to construct 
diagrams that induce higher-order ghost couplings (ob- 
viously restricted in the maximal number of ghost fields 
by their Grassmannian nature) of the type 



O shi = / (c K V KX [g^,g^}c x Y 



(24) 



see also fig. [7J 

Similar diagrams also induce ghost-matter couplings, 
not only between ghosts and scalar matter but also be- 
tween ghosts and fermions, as well as ghosts and gauge 
fields. Furthermore all these diagrams also induce ghost- 
curvature- (matter) couplings: Evaluating the flow equa- 
tion on a curved background, the internal propagators 
can be derived with respect to the curvature, yielding 
powers of the curvature in the operator that is induced. 
The crucial point about all these diagrams is that these 
are generated as soon as a simple Faddeev-Popov term 
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FIG. 7: The ghost-antighost-graviton vertex allows the con- 
struction of diagrams that will induce diagrams with six exter- 
nal (anti) ghost fields. Similar diagrams induce higher-order 
couplings and ghost-matter couplings. 



is present in the effective action at some scale. Put dif- 
ferently, the contribution to the /3 function of these new 
couplings that is generated in this way, is independent of 
the coupling itself. Thereby, setting the coupling to zero 
does not yield a zero in the /? function. In other words, 
all these couplings can generically be expected to have a 
nonzero fixed-point value. Therefore the structure of the 
ghost sector will be completely different from a simple 
Faddeev-Popov ghost sector: Ghosts and matter as well 
as curvature will be combined into a variety of operators 
with nonvanishing couplings. 

Let us emphasize that many of the new couplings, 
namely all those quadratic in the ghost fields, will directly 
enter the j3 functions of matter and curvature couplings. 
Thereby the complicated structure in the ghost sector 
cannot be ignored, as it enters the flow of couplings that 
can in principle be linked to observables. Furthermore 
the question of relevant couplings in the ghost sector be- 
comes more pressing and requires further investigation. 

Judging from the present investigation and that of [45] 
the following picture seems to emerge: Constructing a 
fundamental theory of quantum gravity, i.e., a quantum 
field theory that can exist in the infinite-cutoff limit, with 
the help of an interacting fixed point, implies that in 
fact the interactions cannot be contained within a finite 
number of operators. Not only curvature couplings, but 
also matter self-interactions, ghost-matter couplings and 
ghost-self-couplings are induced and will be nonvanishing 
at the fixed point. Accordingly, the far UV is described 
by a theory where rather complicated interaction terms 
between all fields in the theory exist (in particular terms 
which are momentum-dependent, and not considered in 
the setting of a perturbatively renormalizable theory), 
and the spectrum of quantum fluctuations becomes very 
involved. Unlike in the case of an asymptotically free 
gauge theory, where one relevant coupling drives the RG 
flow, a larger but presumably finite number of such cou- 
plings exist, and could also be found in the ghost sector. 

In such a setting, numerical simulations of the path- 
integral for gravity seem to become more challenging. 
Clearly a direct translation of the fixed-point action to 
a microscopic action in a discretized setting is not possi- 
ble. Nevertheless the existence of the nontrivial structure 
in the ghost sector and the fact that it is not possible 



to rewrite the fixed-point action in terms of a gauge- 
invariant action by simply reversing the Faddeev-Popov 
trick, seems to pose a challenge for simulations which pro- 
pose to evaluate the path-integral for gravity in terms of 
gauge-invariant degrees of freedom only: Our investiga- 
tion seems to imply that at a possible UV fixed point, it is 
in fact more complicated than in a perturbative setting to 
write the generating functional without the occurrence of 
ghost fields by integrating these out. Clearly, ghost fields 
can still be integrated out in the path-integral, but since 
they do not occur just quadratically, this procedure be- 
comes much more involved. Finally if ghost couplings be- 
come relevant, they correspond to parameters that need 
to be tuned in a discretized setting in order to reach the 
continuum limit there. As discussed in sect. |III A| these 
might actually correspond to parameters in a non-trivial 
measure factor in the gravitational path integral, possi- 
bly related to that in [72]. To summarize, this suggests 
that the transition from the fixed-point action to a mi- 
croscopic classical action needs to be investigated further 
[53] . to understand the structure of the ghost sector in 
this transition. This will help to elucidate the connec- 
tion between simulations such as those in [73] and the 
present setting of the FRG. Note that it might actually 
be possible that a theory formulated in terms of physical 
degrees of freedom, only, in fact lies in a different uni- 
versality class than one which employs ghost fields and 
contains relevant couplings in the ghost sector. On the 
other hand, it is possible that every relevant coupling 
at a non-Gaufiian fixed point can directly be connected 
to a physical observable, in which case the complicated 
structure in the ghost sector implied by our investigation 
would only arise from our description in terms of gauge- 
variant degrees of freedom. In this functional in- 
tegral over gauge-invariant degrees of freedom could give 
the same results as one with a considerably more com- 
plicated microscopic action in a gauge-fixed setting. 

In the future, it is mandatory to investigate infinite- 
dimensional truncations, e.g., functions of the operators 
considered here. One might then hope that in fact the 
asymptotic form of these functions in the far UV becomes 
very simple, as advocated in [16] for the case of curvature 
operators. Otherwise the structure of the theory as im- 
plied by the present investigation and that in [45 seems 
to suggest that tools complementing the FRG approach 
to gravity should be developed in order to get a handle 
on the complicated structure of the theory. 

To summarize, the structure of the ghost sector seems 
to be the following one: Close to the Gaufiian fixed 
point, where we know gravity best, as it corresponds 
to observable scales, we see a diffeomorphism invariant 
theory with the Einstein-Hilbert term in the action. 
To quantize this theory, we then use the path-integral 
framework which implies the necessity to gauge-fix 
and introduce a Faddeev-Popov ghost sector. We then 
observe, that the theory 'makes use' of this sector in 
a rather nontrivial way: Towards higher scales, the 
flow does not stay in the part of theory space where 
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the Faddeev-Popov ghost sector is trivial, instead it 
generates a highly nontrivial ghost sector, with higher- 
order ghost couplings, ghost-matter couplings, and 
presumably also ghost-curvature couplings. All these 
new couplings have /3 functions which do not admit a 
Gaufiian fixed point as soon as metric fluctuations are 
present. Accordingly all these dimensionless couplings 
are nonzero in the UV, and the ghost sector does not 
resemble a perturbative Faddeev-Popov ghost sector at 
all. 



Let us add that the results presented here do not ex- 
clude the possibility of the following scenario: Although 
ghost couplings do not admit a Gaufiian fixed point, 
their back-coupling into the flow of operators connected 
to physical observables could be small. A similar 
effect has been observed in [45] for a class of matter 
couplings and their back-coupling into the flow of the 
Einstein-Hilbert sector, which is in fact subleading. As a 
point in favor of this scenario, note that a larger number 
of fermionic matter fields - as in the standard model - 
shifts the fixed-point value of the cosmological constant 
toward larger negative values |48j . which implies that 
the contribution of metric fluctuations to, e.g., ghost 
/3 functions is reduced, as discussed in [49 . Thereby, 
the fixed-point value at the shifted Gaufiian fixed 
point becomes smaller, cf. fig. [3] and fig. [5] A smaller 
fixed-point value in turn implies a smaller back-coupling 
into the flow of metric operators. Furthermore, in the 
untruncated theory space, all relevant couplings could 
be connected to physical observables and no ghost 
coupling would be relevant. In such a setting, the rather 
complicated structure of the ghost sector would play a 
subleading role in the calculation of physical predictions 
from this theory. Whether this scenario, or one with a 
large back-coupling of ghost operators into the flow of 
metric couplings, and a finite number of relevant ghost 



couplings, is actually realized, necessitates more detailed 
investigations of the ghost sector. 
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Appendix A: Vertices and propagators for the V 1 J r 
expansion 

In the following we use a notation where the subscripts 
TT, h, c, c and 4> denote the transverse traceless graviton 
mode, the trace mode, the antighost, ghost and scalar. 

The projection operators for the transverse traceless 
graviton and the ghost propagator read as follows: 

-\pt^{p)Pt,x{p), (Al) 

where Pt p,v{p) — $iu> ~ denotes the standard 

transversal projector. 

p -^=^-W)- (A2) 



Next we define the following vertex functions to facilitate the definition of the elements of the fluctuation matrix 
involving ghosts and antighosts: 



unpaip, q) = ((P ' 1 + I 2 ) { S hp S ™ + <W<W) + ^Qp9h s k<7 + ^qaq^S^ K - ^Pf,q p S KrT - ]^p ll q < y8 K p + prfpS^ + p K q a S Pl 



(A 



^ M «0, q) = -V2Z c (k) Q (-p ■ q-q 2 ) <5 M „ - ^p K q^ - + ^P^k) ■ ( A 



Next we define The full matrix entry of the fluctuation matrix involves 

an external ghost or antighost field, respectively. As 

V c hv.a(p,q) = c {q-p)V m {p, -q) shown in [30], there is no 2-graviton vertex with external 

Vch^ a {p,q) = -c?(p- q)V Ma (p,q-p) ghost and antighost. 

V h cna(p,q) = -c a (q-p)V pa (~q,p) 

V h c m {p,q) = <?{p- q)Vp, a (-q,q-p) 

(p, q) = -c a {q - p)V Tfla ^p(q, -p) Finally we have the vertices connecting gravitons and 

VcTT,*a~tp(p,<i) = c^{p~ q)V Tpai f3(q,p- q) 

VrTc^aj/sip^) = -c^ip- q)V Tfia ^(-p,p- q) 

VrTcpaipiPiq) = c a (q~ p)V T ^p(-p,q). (A5) 
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the scalar: 

V h<j> (p,q) = ^0(p-g)(p2-p. g ) 

V T T4>nv(p,q) = Z ^-(t}(p-q)(Pt,q^+p„q^-2q f ,q v ) 
ZAk) 

V4,TT^{p,q) = — cj){p- q){p l _ l q v +p v q tl -2p l _ l p v ) . 

(A6) 



Vtt^ukX = — g — &{h)${q-p-W)\l'l{-p 1 + q 1 -h 1 ){5^K5v\ + 5^\5v K ) 
+ ({h ^5 V \ + h vSftx) {Pk + h K ) + (h ^ VK + h V 5^ K ) (p x + h a) 

+ (h J\n + h \S Kli ) {-q v + hu) + (h J\ v + h \S K u) {-q^ + h S) ) ■ ( A7 ) 
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